ILLUSTRATIONS
. Therefore, the U.S. Fish and Wildlife Service entered into a cooperative agreement with the U.S. Geological Su:rvey (USGS) to investigate the effects of the landfill on the geohydrology o:: the surrounding part of the Great Swamp National Wildlife Refuge. The istudy consists of three phases a reconnaissance of surface-water and shallow ground-water quality, groundwater levels, and electromagnetic conductivity in the area surrounding the landfill; selection of borehole sites, borehole drilling, and ground-waterwell installation; and ground-water-quality Monitoring. This report addresses the first phase of the study.
Purpose and Scope sites
This report presents results of 21 ground-water and surface-water Knoll landfill and (2) an electromagnet landfill within the Great Swamp (1) a water-quality reconnaissance of around the perimeter of the Rolling ic su:rvey of the parts of the Natioijial Wildlife Refuge.
Concentrations of major ions, trace elements, volatile organic compounds, and methylene chloride-extractable compounds were determined, and the presence of additional organic compounds was identified. Bottom sediments from Loantaka Brook were analyzed for the presence of metals. survey Results of the electromagnetic determine the areal extent of the landfill regions at the edge of the landfill at: water-observation wells would area. facilitate of 284 sites were used to (1) within the Refuge and (2) locate which the installation of groundmonitoring of water quality in the Physical. Setting
The Great Swamp Wildlife Refuge is in tfte southern part of Morris County in north-central New Jersey. Most of the Refuge has low relief and altitudes range from 220 to 240 ft (Mlnard, 1.967). The Rolling Knoll landfill is located adjacent to, and partly vrithin, the Wilderness Area of the Great Swamp Wildlife Refuge. The swamp area lies in the western part of the former glacial Lake Passaic and is bounded on three sides by hills and ridges of gneiss and basalt and on the northern side by terminal moraine (Minard, 1967) . The landfill forms an elevated mound that slopes gradually to the swamp. Knolls, which are elevated dry islands of silt, sand, and gravel, are located at the eastern and southern edges of the landfill. The knolls are covered with deciduous trees, whereas the wet areas between the knolls are vegetated mostly with common reedj (Phragmites sp.) and common cattail (Typha latifolia).
Geohvdrology of the Great Swamp
Figure 2 shows geologic and hydrologic conditions along a generalized section through the Great Swamp. Muck of variable thickness underlies the swamplands. Beneath the muck are relatively! impermeable beds of clay and silt, which are as much as 100 ft thi£k in places (Minard, 1967) . The clay and silt confine the underlying sand and gravel aquifer, which mantles the bedrock (Vecchioli and others, 1962) .
The sand and gravel aquifer underlying the lakebed clay and silt receives recharge at its edges, where it is exposed at the surface. Because the recharge area is higher than the surface of the swamp, an artesian head that is several feet higher than land surface is present in the part of the aquifer that lies beneath the thick confining layer of the lakebed (Vecchioli and others, 1962) . As a result, water from the aquifer flows upward through the confining unit into the swamp, where it dissipates by evapotranspiration or is carried off as streamflow (Minard, 1967) . Swamps in this region can be considered to be areas of discharge for the regional ground-water body. The amount of water discharged probably is small, however, because the permeability of the confining unit is low compared to that of the aquifer (Vecchioli and others, 1962) .
Geohydrology of the Landfill
In order to assess the possible effects,of the landfill on the underlying aquifer, the thickness of the lakebed clay and silt at the landfill site needs to be known. Although no records of deep boreholes in the landfill area have been found, logs of several boreholes near the landfill are available. The locations of several boreholes near the landfill area are shown in figure 1 ; table 1|lists the reported thickness of the lakebed clay and silt at those sites. These borehole logs (available from the State of New Jersey Office of Water|Allocation, Trenton, New Jersey; USGS well files, West Trenton, New Jersey; and the U.S. Army Corps of Engineers, New York City, New York) indicate that the lakebed clay and silt probably is sufficiently thick to prevent the presence of the landfill from significantly affecting the quality of water in the underlying aquifer, even if ground water in the clay and silt did not flow upward.
Information on sedimentary deposits that overlie the lakebed clay at the landfill was obtained from a geologic map that predates the landfill (Salisbury and Peet, 1896), a soil survey of ',Morris County (Eby, 1976) , and logs of shallow boreholes augered at the landfill in 1986 (Diane Trube, NUS Corporation, written commun., 1986) . These data indicate that the eastern part of the landfill is directly underlain by organic deposits (muck and peat), whereas the western part is directly underlain by intermixed and interbedded sand, gravel, silt, and clay. ' Well number (shown in fig. 1 3 represents a conceptual model of the hydrologic regime in the landfill area. Precipitation falling on elevated areas moves through the unsaturated-zone materials and flows along the surface of the relatively impermeable clay layers to the nearest stream. Two major surface-water discharge areas probably carry precipitation and subsurface flow from the landfill into the swamp. The first, on the eastern side of the landfill, flows to the east and away from the landfill toward a tributary of Black Brook. The second, on the southern side of the landfill, flows to the west across and away from the landfill toward Loantaka Brook. Both streams flow year-round. Fish and Wildlife Service in obtaining access to the site for USGS equipment and personnel, providing technical assistance and liaison among various agencies and individuals, and assistance in field operations, is gratefully acknowledged.
METHODS OF INVESTIGATION Determination of Water Quality
A water-quality reconnaissance of surface and shallow ground water was conducted around the perimeter of the Rolling Knoll landfill. Fifteen sample sites were chosen (A through N, plus site B-C) which encircle the landfill ( fig. 4) . Surface-water samples were collected from 14 of the sites; site E was inaccessible. Water samples also were collected from four sites along Loantaka Brook. Identification numbers and site descriptions are given in Appendix 1. Ground-water samples were collected from three sites (A, B-C, and F) where water levels measured with a minipiezometer in conjunction with a water manometer indicated that ground water was moving upward, toward the surface. Ground-water samples were collected from a minipiezometer at a depth of approximately 5 ft below land surface. A portable peristaltic pump was used to develop the piezometer and to extract ground-water samples. Samples were collected, processed, and preserved according to methods described in Wood (1976) .
Water samples were analyzed for the dissolved trace elements barium, beryllium, cadmium, chromium, cobalt, copper, iron, lead, manganese, molybdenum, nickel, silver, strontium, vanadium, zinc, and lithium. Samples also were analyzed for major ions, nutrients, volatile organic compounds, and methylene chloride-extractable organic compounds, such as chrysene, anthracene, benzoapyrene, parachlorometacresol, 2,4,6-trichlorophenol, and dimethyIphthalate. The methylene chloride-extractable compounds were determined by means of gas chromatography with flame-ionization detector (GC/FID). Selected samples were chosen for additional analysis by means of gas chromatography/mass spectrometry (GC/MS), and a library search was performed to identify additional organic compounds. (GC/FID analysis is a relatively efficient method for screening samples for organic compounds before electing to analyze samples by means of more costly GC/MS methods. 
;
By using a computer, results of GC/MS analysis can be compared with the results of GC/MS analyses of thousands of chemicals in a software "library" in order to identify unknown sample constituents.) Chromatograph groupings with similar characteristics were identified1 on the basis of GC/FID results. Ground-water samples from sites A and B-C and surface-water samples from sites B, C, H, I, and L were selected to represent the groupings for GC/MS analysis. M Bottom materials were collected from Loantaka Brook and the silt-clay (less than 63 micrometers) fraction was analyzed for trace elements. The silt-clay fractions were used so that results could be compared among sites. Bottom materials collected at Loantaka Brook sites 1 and 4 were analyzed at the USGS National Water Quality Laboratory (NWQL) in Lakewood, Colo., for organochlorine, organophosphorus, and phenoxy acid compounds; recoverable organic materials; and total metals by means of complete digestionsolubilization. Additional analyses were performed on water samples from sites 1 and 4 for total inorganic carbon, total organic carbon, and total cyanide. Analyses of samples for inorganic constituents by the NWQL followed procedures described by Fishman and[ Friedman (1989) . Procedures used for analysis of samples for organic substances are described by Wershaw and others (1983) .
Measurement of Electromagnetic Conductivity i An electromagnetic survey was conducted to determine the areal extent of the landfill within the Refuge and, to aid| in selection of observationwell sites by identifying the presence of hydraulically conductive earth materials (sands). The electromagnetic method is used to measure the apparent electromagnetic conductivity of the, soil. A transmitter coil induces eddy-current loops in the earth. The eddy currents generate an electromagnetic field that is proportional to the electrical conductivity of the sediment and ground water. A receiver coil intercepts part of each electromagnetic field and produces a meter deflection indicative of the apparent electromagnetic conductivity of the earth materials through which the field passes. The electromagnetic method can be used in conjunction with geologic information to indicate 1 sites of electromagnetically conductive materials, such as clays, and electromagnetically resistive materials, such as sands. Areas of low electromagnetic conductivity where sands are present are well-suited for the installation of ground-waterobservation wells. In addition, landfill materials, which likely would be more heterogeneous than geologic materials, could be expected to show substantial variability in conductivity overi short distances. Conductivity values greatly exceeding those expected for clays probably indicate the presence of buried metallic objects.
The electromagnetic survey was conducted by using a Geonics 1 EM-31 NonContacting Terrain Conductivity Meter operated in the horizontal-dipole configuration. The EM-31 is a portable instrument with a intercoil spacing of 3.66 meters (12.01 ft) and has an effective exploration depth of 6 meters 1 Use of trade names in this report is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey.
(19.69 ft). The EM-31 was chosen for use in the study because it can be easily transported and operated in dense vegetation and flooded areas. The survey was conducted in a grid pattern composed of 50-ft stations along lines separated by 200 ft. The survey was conducted only on accessible parts of the Great Swamp National Wildlife Refuge property adjacent to the Rolling Knoll landfill.
The electromagnetic survey was supplemented by the collection of handaugered core samples at sites A, B, B-C, C, D, and F to determine nearsurface lithologic characteristics. The results of the core-sample analyses were used to confirm the presence of hydraulically conductive and nonconductive materials (sands and clays, respectively). 
Major Ions and Physical and Chemical Properties
The Stiff diagrams in figure 5 show the relative concentrations of major ions in surface water at the 14 surface-water sample sites and 3 ground-water sample sites (A, B-C, and F) around the landfill and at the 4 sample sites in Loantaka Brook. The width of a Stiff diagram is an approximate indication of the total ionic content of the water.
Surface water and ground water near the landfill were determined to be predominantly a calcium bicarbonate type ( fig. 5 ). Concentrations of sodium in, and specific conductance, pH, and alkalinity of, surface-water samples were highest on the eastern (sites A through D) and southern (sites F through H) sides of the landfill. Median values of sodium concentration, field specific conductance, pH, and alkalinity (as bicarbonate 2 ) for the water samples from the four sites on the eastern side were 7.5 mg/L, 388 /zS/cm, 7.2, and 165 mg/L, respectively; median values for the water samples from the three sites on the southern side were 8.5 mg/L, 350 /zS/cm, 7.2, and 195 mg/L, respectively. Median sodium concentration (4.6 /iS/cm), pH (6.6), and alkalinity (60.0 mg/L) were lowest in surface-water samples from the western side of the landfill (sites I through M) . Median specific conductance (300 /iS/cm) and pH (7.4 samples from site J than in samples from the of the landfill. This indicates that affects the quality of wetland water. mg/L), specific conductance (138 runoff were significantly higher in other sites on the western side from the landfill near site J Because elevated specific conductance, pH, and sodium and bicarbonate concentrations were greater than background levels, the presence of the landfill appears to have a greater effect on surface water on the eastern and southern sides of the landfill than on surface water on the western iside.
Water collected from Loantaka Brook was determined to be a mixed type; sodium and calcium were the major cations and bicarbonate and chloride were the major anions ( fig. 5 ). The pH of each o:: the four samples from the brook was 7.4 and the field specific conductance varied only from 550 to 607 /iS/cm, with a mean of 566.5 /iS/cm and a median of 554.5 /iS/cm. Sodium concentrations in the samples ranged j:rom 47 to 55 mg/L, calcium concentrations ranged from 36 to 41 mg/L, chloride concentrations ranged from 72 to 82 mg/L, and bicarbonate concentrations ranged from 90.2 to 146.2 mg/L. Concentrations of virtually all major ions were greater at site 4, which is west of site J, than at sites 1, 2, and 3. Whether the presence of dissolved solids in higher concentrations in the sample from site 4 is indicative of effects of landfill runoff is unknown; no contaminants present at site 4 can be attributed conclusively to landfill runoff.
The pH of ground-water samples generally was lower than that of surface-water samples, including thosct from Loantaka Brook; pH ranged from 6.1 to 6.9 and the median was 6.8. Field specific conductances of groundwater samples from sites A and B-C, on the eastern side of the landfill, were substantially higher (420 and 900 /iS/cm sample from site F, on the southern side (19-? /iS/cm) . Concentrations of calcium, magnesium, sodium, and potassium in respectively) than that of the the ground-water sample from site B-C were elevated compared to thbse in Samples from the other two ground-water sites (A and F) (see tab^e 2), And the bicarbonate concentration also was greater at sit4 B-C (539 mg/L). Concentrations of these ions in ground water at site B-C were substantially greater than those in the surface-water sample from site B-C.
Minor Constituents and Trace Elements itfon cadmium
The greatest concentrations of lead, silver, and zinc generally were the eastern and southern sides of the surface-water samples from sites A, H from sites A, B-C, and F, whereas samples collected at sites A and D and sites A, B-C, and F. These findings distribution and concentrations of maj hydroxide precipitate was most evident: eastern and southern edges of the leachate may reach the swamp in these and the trace elements cadmium, found In samples of surface water from landfill. Lead was detected in and M and in ground-water samples was detected in surface-water in ground-water samples collected at are generally consistent with the or ion? shown in figure 5. Iron in samples of surface water from the indicating that landfill areas.
landfill With the exception of the surface-water samples collected at sites G, J, and N, the concentrations of dissolved iron in all water samples collected from the perimeter of the landfill exceeded the NJDEPE secondary maximum contaminant level 3 (SMCL) of 0.3 mg/L (New Jersey Register, 1989) . Concentrations of dissolved iron and manganese in ground-water samples from sites A and B-C were elevated compared to those in the other samples; the highest concentration of iron was 57 mg/L in ground water from site B-C. The elevated concentrations of iron and manganese in ground water at sites A and B-C could be the result of reducing conditions in landfill leachate and indicate that conditions might be conducive to the transport of other trace elements in the ground water. The presence of lead in the surface-water sample from site M (20 /*g/L) was inconsistent with the direction of possible contamination inferred from the distribution of major ions. Many broken batteries are present on the landfill surface near site M and may be a source of the lead in the water on that side of the landfill. Although metals other than iron and manganese were detected in several water samples, none of those determined was present in a concentration that exceeded a State surface-water-quality standard (New Jersey Department of Environmental Protection, 1989) or primary or secondary drinking-water regulation (New Jersey Register, 1989) .
Concentrations of most trace elements in samples of water from Loantaka Brook were less than the detection limits. Although zinc, strontium, manganese, barium, and iron were detected at all sample sites, none of these elements was detected in a concentration that exceeded a New Jersey surfacewater quality standard (New Jersey Department of Environmental Protection, 1989) or drinking-water regulation (New Jersey Register, 1989) . Samples of bottom material from Loantaka Brook also were analyzed for trace elements. Results of these analyses indicate no substantial enrichment of most trace elements at the downstream site (site 4) relative to the upstream site (site 1), which is north of the landfill. Concentrations of manganese, copper, and lead were slightly higher in sediment at site 4 than in sediment at site 1. Results of the analyses of bottom sediments for metals are listed in table 6.
Organic Compounds
Ground-water and surface-water samples from all sampled sites were analyzed semiquantitatively for 32 volatile organic compounds (VOC's) at the New Jersey District laboratory in West Trenton, New Jersey, by using gaschromatography methods with a photo-ionization detector and a Hall conductivity detector in series (Kammer and Gibs, 1989) . Surface-water samples from sites B, H, and M were sent to the NWQL for analysis for VOC's by means of GC/MS. Some discrepancies were noted between results of 3 Contaminants covered by secondary drinking-water regulations, otherwise known as secondary maximum contaminant levels (SMCLs), are those which may adversely affect the aesthetic quality of drinking water, such as taste, odor, color, and appearance, and which thereby may deter public acceptance of drinking water provided by public-water systems. Secondary regulations represent "reasonable" goals for drinking-water quality. They are intended as guidelines and are not enforceable (Shelton, undated, p. 22). analyses performed by the two laboratories. Generally, results of the analyses performed at the New Jersey District laboratory indicate the presence of small amounts of VOC's in samples from the southern and western sides of the landfill, whereas results of the analyses performed at the NWQL indicate no detectable quantities of these compounds, possibly because the sample-holding times at the NWQL were much longer than those at the New Jersey District laboratory. The sites at which VOC's were detected typically did not coincide with those at which large concentrations of major ions or trace elements were found. Results of the analyses for VOC's are presented in tables 2 and 7. None of the VOC's detected was present in a concentration greater than the applicable New Jersey maximum contaminant level 4 (MCL) (New Jersey Register, 1989) .
Five surface-water and two ground-water samples were analyzed by means of GC/MS for methylene-chloride extractable compounds. Compounds tentatively Identified in these seven samples from the GC/MS library search are presented in tables 8 and 9. Data on the presence and concentration of tentatively identified organic compounds (TIOC's) in this report are based on comparisons of sample spectra with library spectra, followed by visual examination by GC/MS analysts at the NWQL. TIOC data have not been confirmed by direct comparison with reference standards; therefore, identification of the compounds is tentative and reported concentrations are semiquantitative. Several of the compounds were tentatively identified as pharmaceuticals or compounds related to pharmaceuticals. These compounds were found primarily in water samples collected on the eastern and southern sides of the landfill; the GC/FID analysis indicated these compounds were not present at other sites around the landfill. Two of the tentatively identified compounds, meprobamate and phenobarbital, are Class IV Drug Enforcement Administration Controlled Substances. When the samples were reanalyzed, the molecular formulas of two tentatively identified compounds (6e-diol 2-methyl-2-propyl dicarbamate (meprobamate) and 3-ethyl-3-phenyl 2,6-piperidinetione) were found to be consistent with the results of "highresolution" GC/MS analyses.
Results of GC/MS analyses showed the presence of 10 polycyclic aromatic compounds in bottom materials at sites 1 and 4 in Loantaka Brook. Four compounds classified as insecticides also were found in the analyzed bottom materials--chlordane, DDD, DDE, and dieldrln. Polychlorinated biphenyls also were found in bottom materials at sites 1 and 4 in concentrations of 2 jig/kg. Results of normalization of these data to concentrations of organic carbon generally indicate that concentrations of six of the polycyclic aromatic hydrocarbons and two of the insecticides were present in greater concentrations in bottom materials collected at site 4 than in bottom materials collected at site 1. 4 A maximum contaminant level (MCL) is the highest amount of a specific contaminant allowed in the water delivered to any customer of a public-water system. The maximum contaminant level is the primary water-quality regulation enforced by the USEPA (Shelton, undated, p. 4). New Jersey MCL's generally are the same as the USEPA MCL's. The distribution of apparent-conductivity values determined near the eastern and southern edges of the landfill are presented in figure 6 . The high apparent-electrical-conductivity values indicate the presence of the laterally extensive, electrically conductive glacial-lake clay deposit discussed by Minard (1967) . Electrically nonconductive materials (sands) and (or) water table greater than 4 ft below land surface.
Electrically conductive materials (clays) and (or) contaminated ground water.
Typical background values for swamp materials.
Interference from metallic objects.
Background apparent conductivities, measured at the stations farthest to the south and east of the landfill (F and G), ranged from 23 to 30 mS/m, Apparent-conductivity values were highly variable (1.7 to 76.0 mS/m) over landfill material within the Refuge, on the eastern and southern sides of the landfill. Interference from metallic objects is most likely the cause of this extreme variability. The depth to the water table also affected apparent-conductivity measurements at the measurement stations. Apparent conductivities decreased dramatically over the knolls as the depth to the water table increased. 
SUMMARY AND CONCLUSIONS
A water-quality reconnaissance of 21 ground-water and surface-water sites around the perimeter of the Rolling Knoll landfill and an electromagnetic survey of the parts of the landfill within the Great Swamp National Wildlife Refuge were conducted in 19^9. Samples of surface water and ground water were analyzed for major ions, dissolved trace elements, volatile organic compounds, and methylesne chloride-extractable organic compounds. The methylene chloride-extractable compounds were analyzed by means of gas chromatography with flame-ionizalzion detector, and selected samples were chosen for analysis by means of j;as chromatography/mass spectrometry to identify or tentatively identify additional organic compounds.
Results of the water-quality reconnaissance showed that cadmium, lead, silver, and zinc were present in surface water and ground water adjacent to the landfill. Concentrations of dissolved iron and manganese were variable near the perimeter of the landfill but generaMy exceeded secondary drinking-water regulations. Several organic compounds were tentatively identified by means of gas chromatography/mas:; spectroscopy as pharmaceuticals or compounds related to pharmaceuticals. Results of analyses of bottom materials from Loantaka Brook showed the presence of polycyclic aromatic compounds, insecticides, and polychlorinated biphenyls; the source of these compounds is unkno\m. Organic compounds were found in ground water and surface water on the southern and western sides of the landfill. In contrast, ground water and surface water enriched primarily with trace elements (other than lead) was found only east and south of the landfill. Lead was detected not only :.n samp .es of surface water and ground water collected east and south of the '..andfil. but also in samples from two surface-water sites in the western and near Loantoka Brook. Broken batteries may be a source of lead in surface water in the western and southwestern on the southwestern parts of the study area, western side of the landfill parts of the study area. Elevated specific conductance, pH, and sodium and bicarbonate concentrations in surface water on the eastern and southern sides of the landfill indicate that the landfill appears to have a greater effect on surface water there than on surface water on the western side.
Inspection of cores collected from hand-augered holes at several waterquality sites verified the presence of clay beneath the landfill and Refuge; sands capable of conducting landfill leachate were present at the eastern and southern edges of the landfill. Results of the electromagnetic survey were consistent with the lithology of the samples. Installation and periodic sampling of observation wells at sites A, B-C, and F located at the eastern and southern edges of the landfill probably would allow early detection of any possible effects of the landfill on the quality of ground water underlying and discharging to the adjacent Refuge. Gas chromatography is a separation process in which a multicomponent fluid phase (carrier gas plus sample) (solid) phase referred to as a undergo many successive adsorpti has a different value of the ratio to time spent in solution; hence rates through the column and are conductivity detector, flamespectrometer, are used to detect column. Minipiezometer is an instrument that i hydraulic head and used to collect shallow s inserted into the ground to measure ground-water samples.
Non-contacting terrain conductivity meter is an instrument that uses the apparent conductivity of electromagnetic energy to measure sediments and ground water.
GLOSSARY--Continued
Stiff diagrams use three or four parallel horizontal axes extending on each side of a vertical axis whose value is zero. Concentrations of three or four cations can be plotted, one on each axis, to the left of zero; likewise, concentrations of three or four anions can be plotted, one on each axis, to the right of zero. The units of concentration are milliequivalents per liter. The resulting points are connected to give an irregular polygonal shape or pattern. The Stiff diagram is a relatively distinctive method of showing differences and similarities in water composition, with the width of the pattern being an approximate indication of total ionic content.
Volatile organic compounds (YOG'sl are a group of organic substances that can be stripped from a water sample by the injection of an inert gas prior to analysis by means of gas chromatography. By definition, these compounds are less than 2 percent soluble in water and have boiling points below 150 degrees Celsius.
Water table is the upper surface of water (at atmospheric pressure) in an unconfined aquifer. It is the level at which water stands in wells that penetrate the uppermost part of an unconfined aquifer. 
